The incidence of breast cancer in the United States The chlorotriazine herbicides (atrazine, simazine, and cyanazine) have been widely used throughout the United States for over 35 years. They control many broadleaf weeds and some grasses. Primarily applied in corn production, these pesticides are also used on citrus, nuts, sugarcane, sorghum, and cotton. In terms of total weight used over the past 30 years, atrazine is one of the two most used pesticides in the United States (1) . In Kentucky, 1 million or more pounds of atrazine are applied annually, making it the state's most heavily used pesticide (1-3).
In the early 1 980s, hydrology testing detected atrazine and cyanazine in ground and surface water throughout the United States. This finding, paired with studies showing increased incidence of mammary tumors in rats exposed to chlorotriazines (4, 5) , prompted action by the EPA. The three chlorotriazines were classified as Group C (possible human) carcinogens. Starting in 1990, voluntary restrictions regarding the use of these pesticides were encouraged, induding decreased maximum application rates and establishment of setbacks and buffer zones to avoid contamination of surface water. State testing of surface water for triazines was federally mandated in 1993 and maximum contaminant levels (MCLs) were established.
In addition to the widespread use of these compounds, two characteristics render them pervasive in the environment and ofincreased concern for exposure. First, they are quite mobile. Second, they are slow to metabolize. It is estimated that anywhere from 0.1 to 3% of atrazine applied to fields is lost to the aquatic environment from run-off after heavy rains (1) . Measurements of atrazine in runoff water often reveal levels that are 3-5 times greater than the MCL (1). Metabolism is slow once these chemicals leach into the subsoil, due to low microbial populations and anaerobic conditions (6) . The half-lives of these compounds vary considerably with soil conditions; they can persist for several months to several years. Over long periods of use, pesticide residues accumulate and concentrate in ground water. In addition, the degradates of these chemicals, especially the chloro metabolites, are considered to be as potent as the parent compounds with regard to carcinogenicity (1) .
Whether the triazine herbicides cause cancer in humans is still a subject of debate. Researchers have drawn a tentative link between exposure to organochlorines and the development of human breast cancer (7) . They theorize that these compounds, dubbed xenoestrogens, may initiate or promote breast cancer through several mechanisms. Some xenoestrogens may promote cancer by enhancing the production of more potent, genotoxic estrogens; others may induce genetic mutations in cells of the breast. Recent experimental and epidemiological evidence supports a role for environmental estrogens in initiating or promoting breast cancer (4, 5, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . This proposed role merits further study for several reasons.
First, the incidence of breast cancer in the United States steadily increased from the 1940s until 1987 (22, 23) ; this increase occurred during the peak years of organochlorine use and is not accounted for by better screening (23) . Second, much of breast cancer etiology remains unexplained; established risk factors, including genetics, account for only 30% of breast cancer cases (7) . Finally, total lifetime exposure to estrogen is one of the few, well-documented risk factors for the development of this cancer.
Various experimental studies have assessed the estrogenic properties of organochlorines. DDT, polychlorinated biphenyls (PCBs), chlordane, and heptachlor produce estrogenic effects such as uterine weight gain (12) and enhanced proliferation of human breast estrogen-sensitive cells (13, 14) . Exposure to triazine herbicides increased the incidence of mammary tumors in both male (4) (Fig. 1) .
For each county, demographic data on racial composition, median family income and level of education were retrieved from the 1990 census (31) . Information on first birth rates in 1990 for women over age 30 was collected from the Kentucky Department for Health Services (Vital Statistics Division, unpublished report).
Exposure measurement. This study made use of previously collected data from several sources. All data were reported at the county level. Data on groundwater contamination with triazines were gathered from a Kentucky Geological Survey report (32) . From 1990 to 1991, this group conducted a study on the quality of groundwater in counties across the state. As part of this program, 4,859 wells were tested for a variety of chemicals, including triazines; this represents 2.3% of the state's wells. Participation in the study was voluntary, and the wells tested were not randomly selected. Multiple samples were taken from each well at various times of the year. A strict sampling protocol was followed, and all samples were tested at one state-certified lab. Triazines were measured by immunoassay, and 10% of samples were verified by gas chromatography. Immunoassay is fast and inexpensive, but less reliable than gas chromatography. Odds ratios (OR) were calculated from the parameters generated by the models. A linear regression of the model was also done, yielding very similar results. Analysis was performed using the PC-SAS software package (40) .
Results
Al 120 counties of Kentucky were examined in this analysis, representing a population of approximately 1.9 million women. Table 1 shows the characteristics of the triazine exposure data. Of the groundwater samples reported, only 0.3% exceeded the triazine MCL of 3 pg/l. The percentage of surface water samples exceeding the MCL is unknown; results were reported as positive detections, not actual levels. Table 2 is a summary of the Poisson regression results using the four individual exposure variables. Regression with the 1991-1992 breast cancer data showed that positive surface water detections of triazines, for both low and high exposed counties, were associated with a statistically significant increased incidence of breast cancer (ORs = 1.10 and 1.18, respectively). The higher the levels of contamination in surface water, the higher the incidence of breast cancer. Contamination of groundwater showed a less consistent result. Only low levels of groundwater triazines were associated with a statistically significant increased breast cancer incidence (OR = 1.17). Both acres of corn planted and pesticide use showed a protective effect at various levels.
Regression with the 1993-1994 cancer Regression with the 1993-1994 cancer data showed a statistically significant increase in cancer incidence with low, medium, and high groundwater triazine levels, although there was no evidence of a dose response (ORs = 1.10, 1.15, and 1.10, respectively). An association between surface water contamination and breast cancer incidence was not noted for these years. Again, acres of corn planted and pesticide use showed a protective effect at various levels.
Overall, small but statistically significant associations between triazine exposure and breast cancer incidence are seen with the water contamination data. These results are not consistent over the 4 years of data studied. The earlier years of data indicate an association between surface water contamination and increased breast cancer risk, while the later years of data favor an association between groundwater contamination and increased breast cancer risk. Additionally, the surrogate exposure data show a protective effect against breast cancer; despite this unexpected finding, the corn planted and pesticide use variables were still included in the summary index of exposure, for reasons previously detailed. Table 3 details the categorization of counties into low, medium, or high exposure groups based on the summary index of exposure. About half the counties fell into the lowest exposure category, while half the female population was in the medium exposure level. Mapping of the summary index was performed using geographic information system (GIS) software to reveal patterns of exposure in the state. Figure 2 shows the geographic distribution of the summary index categorization. Populations in western Kentucky appear to have the potential for highest exposure. Comparison of Figure 1 and Figure 2 reveals an interesting pattern. Groundwater usage is highest in the eastern part of the state, but the risk for triazine exposure is low in that area. Although eastern counties rely heavily on wells as a water source, they do not grow corn or use triazine pesticides so their groundwater is far less contaminated. Table 4 shows the results of the Poisson regression using the summary index of exposure. A small, but statistically significant, increased risk of breast cancer is noted with medium or high exposure to triazines; this association is strongest for the most recent years of breast cancer data (ORs = 1.14 and 1.20, respectively). The results of the Poisson regression are confirmed by the linear regression summarized in Table 5 . The relative risk of breast cancer is increased for counties falling into the medium or high exposure categories. A stronger association is again seen for the 1993-1994 data (RRs = 1.15 and 1.22, respectively).
Discussion
The results suggest a modest association between triazine herbicide exposure and an increased incidence of female breast cancer. This association is most apparent with the water contamination data and most consistent with the summary index. The 1991-1992 surface water data, the 1993-1994 groundwater data, and the 1993-1994 summary index show the strongest associations in the analysis. Despite these associations, the limitations inherent in an ecologic study preclude any statement of causal inference.
The finding of a protective effect against breast cancer with higher levels of corn planting and pesticide use is puzzling ( Table 2) . One explanation may be that farmers who plant larger amounts of corn and use higher amounts of pesticide are more skilled at the application process, leading to decreased pesticide run-off and at In this study, attempts to minimize the effect of these biases were made by using narrow exposure data, small units of analysis, weighting of units of analysis by a standardized population, and regression to estimate effect (41) (42) (43) .
A limitation of this study is the possible misclassification of counties as to exposure level. Counties Misclassification of individuals as to county of exposure is a possible limitation of this study. Cancer rates were based on county of residence at time of diagnosis, without information as to length of time at current residence. Because the latency period for cancer can be long, an assessment of migration into and out of counties would have been useful, but was beyond the scope of this study.
It is possible that the results presented could be due to another unmeasured exposure. Other water contaminants, such as trihalomethanes, could be acting as confounders. These chemicals are known carcinogenic by-products of water chlorination; but, rat and human studies have linked trihalomethanes with gastrointestinal and genitourinary cancers only (44, 45) .
Total breast cancers were analyzed in this study, without regard to disease stage. An analysis of stage-specific incidence was beyond the scope of this study, but could be an important distinction to explore. By combining all stages together in this ecologic study, we may have obscured an effect.
The results suggest a relationship between female breast cancer incidence and triazine herbicide exposure, although this ecologic study cannot lead to a causal inference. The possibility of a causal relationship is supported by several criteria. First, the strength of association between the exposure and outcome is in the range of 1.1-2.0, a level that has been demonstrated for other established breast cancer risk factors (24) . Second, there has been considerable attention devoted to the biologic mechanism by which these pesticides could increase breast cancer risk. The xenoestrogen hypothesis suggests these chemicals are capable of altering estrogen metabolism in the body, leading to the production of more potent, genotoxic metabolites (7) . Third, consistency with other investigations is apparent after reviewing the body of literature that associates organochlorine exposure with increased breast cancer risk (17) (18) (19) (20) (21) 
